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In this research, the hot corrosion behavior of electroless nickel-(4, 7, 9, and 12wt.%P) was studied in 
70wt.%Na2SO4 – 30wt.%NaCl (3 and 6 mg/cm2) molten salt on a copper substrate. After being plated 
with a thickness of 25  3 m, the specimens were annealed at 400°C for 1 hour, and then the hard-
ness of each was measured by the Vickers hardness test method. The hot corrosion test was performed 
at 650°C for 20 hours inside the furnace at a rate of 4°C/min under atmospheric conditions. The re-
sults showed that Ni-7wt.%P and Ni-12wt.%P electroless coatings included the highest and the lowest 
hot corrosion resistance, respectively. The difference in the weight increase of the hot corrosion of               
Ni-12wt.%P coating was about 8 times as much as that of Ni-7wt.%P, and the difference in thermal 
expansion between the substrate and the coating was responsible for the cracks in the coating. Diffu-
sion of the molten salt through these cracks expanded and reached the intersection of the coating and 
the substrate. The results of the XRD showed the formation of NiSO4, NiO, and Cu on the coating sur-
face after the hot corrosion test. 
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1. INTRODUCTION 

 

Electroless Ni–P alloy coatings have found       
extensive industrial applications due to their unique 
properties such as corrosion [1] and wear resistance 
[2], high hardness [3] and uniformity of the coating 
thickness [4]. Corrosion properties of electroless  
Ni–P coatings depend on the phosphorous content 
and the consequent structural and mechanical state. 
The electroless Ni–P alloy plating with 5–10 wt.% 
of the P content exhibits a microcrystalline, partly 
amorphous, structure [5] or, depending on the com-
position and operating conditions of the deposition 
bath and the P content above 8 wt%, the coatings 
have no crystalline structure. 

Modern blast furnaces may have up to 42 tuyeres 
[6] for the injection of the hot blast into the furnace 
Corrosion caused by the salt molten deposition is the 
most significant drawback of these tuyeres that are 
usually made from copper. The reaction between 
sodium chloride and metals with oxygen causes the 
formation of volatile metal chlorides, which results 
in a severe high-temperature corrosion [7]. There-
fore, developing coatings that could hinder NaCl or 
chlorine attack is a serious and challenging require-
ment. Studies on hot corrosion induced by 
NaCl/Na2SO4 mixtures have commonly focused on 
Ni–Cr and other super alloys used in tuyeres [8]. 
The nickel-based alloys are capable of withstanding 
chloride attack and exhibit a superior corrosion re-
sistance compared to that of other metals [9]. Also, 
an electroless nickel plating has been used as a func-

tional coating due to its advantages such as corro-
sion and wear resistance. Hence, a possibility of  
using the electroless nickel coating in a             
NaCl-containing environment is an intriguing issue 
[10, 11]. 

In this study, the hot corrosion behavior of the 
electroless nickel coatings with different phospho-
rous content is studied. Hot corrosion occurs as a 
result of using low quality fuels that contain impuri-
ties such as Na, S, and Cl that form Na2SO4 and 
NaCl salts on the surface of tuyeres and cause a cor-
rosive attack. 

2. EXPERIMENTS 
 

Four specimens with dimensions of 1 x 1                   
x 0.2 cm of Cu-DHP (Deoxidation High Phospho-
rous) and wt.% P = 0.015 and wt.% Cu = 99.9 were 
cut. The specimens were grit blasted up to 600 de-
grees; and in order to have more roughness, they 
were sandblasted. To prevent the reaction of other 
parts of the specimens and errors in the weight 
measurement, the specimens were separately molded 
in epoxy and were ready for plating in an electroless 
bath. Table 1 shows the chemical composition of the 
coating bath. The temperature of the bath was 82°C. 
The specimens were annealed at °C for one hour 
before hot corrosion testing. Table 2 shows the de-
tails of the hardness of the electroless coatings. 

The hot corrosion resistance test was carried out 
at 650C for 20 hours in a supersaturated solution of 
70wt.% Na2SO4 and 30wt.% NaCl in water by the 
dipping method. The amount of the salt deposited on 
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the surface of the specimens was examined at two 
groups. The first and the second group each con-
tained 3 and 6 mg/cm2 of the above salt solution on 
the surface of the coating, respectively. The surfaces 
of the plated specimens were placed in contact with 
the salt solution and were then heated in an oven at 
120C for 1 hour. After removing the water and the 
slat cover deposit from the surface of the coating, 
the specimens were weighed. The amount of the de-
posited salt for each specimen was 3  0.2 mg/cm2. 
For the second group, four other specimens similar 
to those of the first group were placed beside the 
supersaturated salt solution composition again after 
drying. The salt deposit in these specimens was           
6  0.2 mg/cm2. The samples weight change during 
hot corrosion was calculated within the time inter-
vals of 1, 2, 4, 10, 15, and 20 hours. They were 
measured three times and their average weight was 
reported. The heating rate was selected to be                   
4C/min for the corrosion test. This temperature was 
selected because of the salt solution is liquid on the 
surface of the coating. The eutectic temperature for 
the fusion of the salt composition under testing was 
629C [12].  
 

Table 1. Bath composition and electroless plating                   
parameters 

 

Composition Quantity (gL-1) 
Nickel Sulfate (NiSO4·6H2O) 25 
Sodium hypophosphite 
(Na2H2PO2·H2O) 

25 

Sodium citrate (Na3C6H5O7 2H2O) 50 
Ammonium sulfate ((NH4)2SO4) 28 
Lactic acid (C3H6O3) 5 
Lead acetate (Pb(C2H3O2)2) 2 
Temperature 85 ± 2C 
Time  1.5 to 4.5 

 

Table 2. Influence of pH value bath on the microhardness 
of coatings 
 

pH 
bath 

Time of  
plating (hr) 

wt. 
%P 

wt. 
%Ni 

Hardness 
(HV100) ± 5 

4 4.5 12 88 740 
4.5 3 9 91 850 
5.5 2 7 93 930 
6 1.5 4 96 1050 
 

A scanning electron microscope (SEM) was used 
to study the cross-section morphologies of the             
coatings after hot corrosion testing. The chemical 
composition was analyzed through energy dispersive 
X-Ray spectroscope attached to the SEM. The X-ray 
diffraction (XRD) analysis was performed the after 
hot corrosion testing.  

 

3. DISCUSSION AND RESULTS 
 

The thickness of the coatings was about                
25  3 m. The specimens were coated with                
different pH values in the Ni electroless bath. The 

energy-dispersive X-ray spectroscopic (EDS) analy-
sis showed the quantity of phosphorous along with 
the pH change for each specimen as given in              
Table 2. With an increase in the amount of phospho-
rous after annealing at 400°C, the coating hardness 
gradually decreased. The images of the cross sec-
tions of the specimens after the hot corrosion test for 
both the first and the second group of  nickel electro-
less coatings with 4, 7, 9 and 12%wt. phosphorous 
are shown in Figs. 1 and 2, respectively. As is ob-
served, the mixture of the molten salt on the surface 
makes cracks and destruct the coating under the ef-
fect of temperature after 20 hours. The rate of the 
destruction of the coating is accompanied with 
changes in the content of phosphorous. The molten 
salt on the coating surface penetrates into the coating 
and makes cracks in it. The intensity of destruction 
has been instrumental in the separation of the           
coating from the substrate in some of the specimens.  
Elemental distribution after hot corrosion studies for 
electroless coatings in first group are illustrated in 
Fig. 6. These images show that the penetration of 
oxygen into the coating is changed with changes in 
the coating alloy. Copper has also penetrated into the 
coating from the substrate.  Fig. 4 shows the diagram 
for the results of changes in the coating weight over 
specific time intervals. The results of an increase in 
the weight of 4wt.% to 12wt.% phosphorous nickel 
electroless coatings for both groups showed that the 
Ni-7wt.%P electroless specimens had the least 
weight increase, while specimens 4 and 12 showed 
the highest weight increase. Fig. 5 shows the XRD 
results of the Ni–P electroless coating surface after 
the hot corrosion test where the NiSO4 and NiO 
phases are formed on the surface of the coating.  
Also, by following the path of the copper inside the 
coating (Fig. 3) and with the formation of CuO 
phase on the coating surface (Fig. 5), it is possible to 
distinguish the penetration of copper onto the sur-
face of the coating through the coating cracks.  

The cracks produced on the specimens of the first 
group during the corrosion test are the ways of the  
penetration of copper into the cracks of the coating, 
thus producing some cavities in certain sections of 
the substrate. The movements of copper towards the 
coating cracks and also the diffusion of nickel pre-
sent inside the coating towards the substrate are ob-
servable in the X-ray mapping Figures. It seems that 
copper penetrates mostly through the cracks in the 
mold coating, so that no mount is observed inside 
the coating of the concentration gradient of copper 
of the substrate interface (substrate-coating to coat-
ing-mount); while the coating surface contains a 
considerable amount of copper. It is observed in the 
corrosion testing of the second group that the coa-
ting is heavily under the effect of corrosive materials 
and  becomes  brittle.  A great number of the porosi- 
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Fig. 1. Cross-sectional back scattered images of (a) Ni-wt.%4P; (b) Ni-wt.%7P; (c) Ni-wt.%9P; (d) Ni-wt.%12P subjected to                   
3 mg/cm2 70 wt.%Na2SO4 + 30 wt.%NaCl at 650°C for 20h (first group).  
 

  

  
 

Fig. 2. Cross-sectional back scattered images of (a) Ni-wt.%4P; (b) Ni-wt.%7P; (c) Ni-wt.%9P; (d) Ni-wt.%12P subjected to                          
6 mg/cm2 70 wt.%Na2SO4 + 30 wt.%NaCl  at 650°C for 20h (second group). 
 

ties existing in the coating shows that the resistance 
to hot corrosion in Ni-4wt.%P electroless coating is 
reduced from 3 to 6 mg/cm2 with an increase in cor-
rosive materials. According to Table 2, the                       
Ni-4wt.%P electroless coating is the hardest coating 
among other investigated coatings. The number of 
intermetallic phases of nickel phosphide is less than 
that of other specimens with a higher content of 
phosphorous [13–15]. Also, with an increase in the 

content of phosphorous, the linear expansion coeffi-
cient is reduced. The linear expansion coefficient of 
Ni-4wt.%P electroless coating contains 24 m/mC 
and the substrate has 16.5 m/mC [16]. Therefore, 
the stress resulting from the thermal expansion of 
the coating and the substrate results in the produc-
tion of stress and ultimately cracks in the coating. In 
electroless Ni-7wt.%P specimens it is evident that 
the resistance of this coating against  hot corrosion is  

(a) (b) 

(c) (d) 

(a) (b) 

(c) 

(d) 

(d) 

63



EN-4%P EN-7%P EN-9%P EN-12%P 

Ni 

  

P 

  

O 

  

Cu 

  
 

Fig. 3. X-Ray mappings of electroless coating after exposure of 20h in 70 wt.%Na2SO4 + 30 wt.%NaCl (first group).  
 

 

 
 

Fig. 4. Weight gain for electroless coatings Ni-4,7,9 and 12%P; (a) 3 mg/cm2 70 wt.%Na2SO4 + 30 wt.%NaCl; (b) 6 mg/cm2                  
70 wt.%Na2SO4 + 30 wt.%NaCl at 650C for 20h (first group). 
 

higher than that of other specimens. Figure 3 shows 
that nickel and copper have penetrated into the sub-
strate and coating up to a small depth, respectively. 
Since the melting point of copper (1084C) is lower 
than that of nickel (1455C), the penetration activity 
of copper into nickel is more active than that of 

nickel into copper as specified in X-ray mapping 
(Fig. 3); since there are no cracks in the coating, the 
penetration of oxygen into it has been very little. 
The change in the weight of the Ni-7wt.%P speci-
men for both groups was approximately constant. 
Therefore, the Ni-7wt.%P electroless specimens 

(a) 

(b) 
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show a higher resistance against hot corrosion in the 
molten salt. The linear expansion coefficient for the 
Ni-7wt.%P alloy is about 17 m/m°C which has a 
close conformity with the substrate of the coating 
[17, 18]. Therefore, no breakage resulting from the 
thermal expansion difference has taken place and the 
corrosive materials have not penetrated into the in-
terface of the coating and the substrate. By compar-
ing X-ray mapping images of nickel and copper, it is 
possible to observe that both the depth of the copper 
penetration into the coating and the depth of nickel 
penetration into the substrate have increased with an 
increase in the quantity of the coating phosphorous.  

At hot corrosion, the Ni-9wt.%P coating in the 
first group is cracked, and some micro-cavities are 
produced in the substrate. The presence of micro-
cavities in the substrate brings about more active 
penetration of copper into the coating, but the coat-
ing still preserves its cohesion with the substrate. 
The X-ray mapping (Fig. 3) show that copper that 
penetrated from the substrate into the coating has 
produced a cavity in the substrate. On the other 
hand, many cracks have been produced in the            
coating of the second-group at hot corrosion, and the 
coating has been separated from the substrate.            
Figure 4 shows the diagram of the weight change 
with a small increase in the gradient where the hot 
corrosion of the first and the second groups shows a 
weight increase of 2.5 mg and 5.9 mg, respectively. 
The linear expansion coefficient of this coating is 
about 15 m/mC [16], so the linear expansion coeffi-
cient difference between the coating and the sub-
strate results in the coating cracks.  

Now compare the images of Ni-12wt.%P electro-
less specimens with those of other specimens taken 
by the X-ray mapping and SEM (Fig. 1–3). It seems 
that the coating is more porous and shows lower cor-
rosion resistance than that Ni-9wt.%P. In                      
Ni-12wt.%P electroless specimens, coating is sepa-
rated from substrate and the amount of oxygen has 
increased between these two layers forming an           
oxide. Destruction of the first group specimen has 
brought about deep cracks in the coating where cor-
rosion products are collected both in the interface of 
the coating and the substrate. The diagram in Fig. 4 
shows where the highest weight belongs to                   
Ni-12wt.%P. The linear expansion coefficient of  
Ni-12wt.%P is about 10 m/m°C. The difference           
between the expansion coefficient of the coating and 
the substrate is about 6.5 m/m°C bringing about a 
great deal of stress in the interface. The reason for a 
higher corrosion resistance, in fact, lies in close         
values of the thermal expansion coefficients of the 
coating and the substrate, which prevents cracking 
of coating during the hot corrosion test. In addition, 
the structure of the high-phosphorous coating in-
cludes most phases of nickel phosphide [19]; and 

according to the X-ray mapping images, the element 
of copper inside the coating has penetrated deeper. 

With an increase in the quantity of phosphorous, 
many intermetallic phases are formed [20–22]. Re-
search shows that when applying heat treatment at 
400C for one hour on the low-phosphorous nickel 
electroless coating and on high-phosphorous nickel 
electroless coating, 23 and 44 intermetallic phases 
are observed, respectively [23]. Formation of multi-
ple phases brings about changes in the mechanical 
and physical properties of the coating. As it evident 
in Table 2, the hardness of Ni-(4, 7, 9, and 12wt.%P) 
electroless coating  after heat treatment is 740, 850, 
930, and 1050 HV, respectively. With an increase in 
the content of phosphorous in the coating, its hard-
ness decreases gradually, because the nickel phos-
phide phases () have lower hardness relative to that 
of the crystalline nickel () [23]. On the other hand, 
with an increase in the amount of phosphorous, the 
temperature of the Ni-P electroless coating anneal-
ing is reduced [24]. Since the coatings have been 
under the temperature of 650C for 20 hours, the 
unstable phases of nickel phosphide such as Ni7P3 
and Ni12P5 are changed into Ni3P stable phases, and 
a long period of testing has brought about                 
coarsening of the grains [23]. Figure 6 shows the 
SEM image of the cross section of the etched              
Ni-7%P electroless coating without the addition of 
salt in hot corrosion testing. As is obvious, the           
coating grains have grown after 20 hours at 650C. 
Therefore, with an increase in the content of the 
coating phosphorous, the amount of the secondary 
phase () and the penetration of the aggressive ions 
increase in the coating. Also, the linear expansion 
coefficient is one of the variable parameters in the 
nickel electroless coating with a different content of 
phosphorous. With an increase in the content of 
phosphorous, the linear expansion coefficient of the 
coating gradually increases. The thermal expansion 
coefficients of copper and nickel electroless coatings 
with about 7wt.% of phosphorous expand at the 
same pace, preventing the cracking of the coating. 
Likewise, the high-phosphorous electroless coating 
will be under tensile stress conditions with less 
thermal expansion than that of the substrate leading 
to cracking and separation of the interface of the 
coating and substrate. A higher thermal expansion of 
the low-phosphorous electroless coating relative to 
that of the substrate results in the shear stress at the 
interface leading to its separation. With the produc-
tion of mechanical cracks in the coating, the path for 
the aggressive penetration of ions into the interface 
is facilitated more. The results of the XRD of the 
surface of coatings shows that nickel () has 
changed into NiO. Also, according to equations 2 
and 3, NaSO4 has decomposed into sulfate and sul-
fite sequentially and ultimately it forms the NiSO4 
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phase (eq. 4) with nickel oxide. Also, the XRD im-
age shows the curve of the CuO phase at the coating 
surface (Fig. 5). The XRD pattern in the as-plating 
condition is amorphous. As can be seen in Fig. 5, 
after annealing only the peaks reflecting α and β 
phases have appeared. The intermetallic compound 
of Ni3P (β) is created due to heat treatment of the 
coating [23]. According to X-ray mapping images, 
the intensity of the penetration of copper into the 
coating surface increases with an increase in the 
content of the coating phosphorous, thus resulting in 
an increase in the weight of the high-phosphorous 
specimens. The NaCl and Na2SO4 phases remaining 
on the coating surface are distinguishable in the 
XRD results.   
 

   s g
2 4 3 2Na SO 2Na +SO 1/ 2O                (1) 

   s s
2Ni 1/ 2O NiO                         (2) 

     g g g
3 2 2 4SO H O H SO                         (3) 

 s
2 4 4 2H SO NiO NiSO H O                  (4) 

 

 
 

Fig. 5. X-ray diffraction patterns of electroless coating after hot 
corrosion testing at 650C for 20h. 

 

 
Fig. 6. SEM image of cross-section of Ni-%7P coating after hot 
corrosion testing. 

 

4. CONCLUSIONS 
 

In principle, the thermal expansion coefficient of 
an electroless Ni-P coating is decreasing with an 
increase of the phosphorous content, becoming close 
to that of the substrate when the concentration of 
phosphorous reaches 7 w.% providing the best cor-

rosion protection due lowest stresses followed by 
lowest  cracking under high temperatures. 

The amplitude of the thermal expansion coeffi-
cient of the Ni-P electroless coating is extensive, so 
we can specify the alloy composition of the electro-
less coating according to the thermal expansion         
coefficient of the substrate and use it in pieces            
exposed to hot corrosion in industry. An increase in 
the difference between the thermal expansion of the 
coating and the substrate results in the breakage of 
the coating and separation of the interface of the 
coating-substrate. The presence of oxygen and sulfur 
compounds like Na2SO4 leads to the formation of 
NiO and Ni2SO4 phases in the cracks and the inter-
face of coating-substrate so that the coating loses it 
efficiency.  

The change in the content of phosphorous also 
has a great effect on the structure and the amount of 
the secondary phase. An increase in phosphorous 
lessens the coating purity and reduces its resistance 
to hot corrosion. The depth of copper penetration 
into the coating increases with an increase in the 
content of the coating phosphorous, and the CuO 
phase also increases. The highest weight increase is 
in Ni-12%P, while the lowest is in the Ni-7%P elec-
troless specimen. The factor of the weight increase 
of the coatings is the formation of NiO, CuO, and 
NiSO4 phases.  
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Реферат  
 

В этом исследовании было изучено высокотемпе-
ратурное коррозионное поведение никеля, полученно-
го методом химического осаждения, на медной под-
ложке (с содержанием 4, 7, 9, и 12 вес.% Р) в расплав-
ленной соли 70 масс.% Na2SO4 – 30 масс.% NaCl               
(3 и 6 мг/см2). После нанесения покрытия толщиной 
25 ± 3 мкм, образцы отжигали при 400°С в течение            
1 часа, а затем твердость каждого была измерена с 
помощью метода испытаний на твердость по Виккер-
су. Тест высокотемпературной коррозии проводили 
при 650°С в течение 20 часов в печи со скоростью 
нагрева 4°С/мин в атмосферных условиях. Результаты 
показали, что неэлектролитические покрытия                   
Ni-7 масс.% Р и Ni-12 масс.% P обладают высокой и 
низкой высокотемпературной коррозионной стойко-
стью, соответственно. Разница в увеличении веса при 
коррозии покрытия Ni-12 масс.% P была примерно в 8 
раз больше, чем у Ni-7 масс.% Р, а разница в тепловом 
расширении подложки и покрытия вызывала трещины 
в покрытии. Диффузия расплавленной соли через эти 
щели усиливалась и достигала границы между покры-
тием и подложкой. Результаты XRD показали образо-
вание NiSO4, NiO, Cu  на поверхности покрытия после 
испытаний  на высокотемпературную коррозию. 
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